Visual experience plays a critical role in the development of direction-selective responses in ferret visual cortex. In visually naive animals, presentation of a bidirectional "training" stimulus induces rapid increases in the direction-selective responses of single neurons that can be predicted by small but significant direction biases that are present in neighboring neurons at the onset of stimulation. In this study we used in vivo two-photon imaging of calcium signals to further explore the contribution of visual experience to the emergence of directionselective responses in ferret visual cortex. The first set of experiments was designed to determine whether visual experience is required for the development of the initial neighborhood bias. In animals that were dark-reared until the time of eye opening, we found that individual neurons exhibited weak direction-selective responses accompanied by a reduced but statistically significant neighborhood bias, indicating that both features arise without the need for visual experience. The second set of experiments used a unidirectional training stimulus to assess the relative roles of the neighborhood bias and visual experience in determining the direction preference that cortical neurons acquire during direction training. We found that neurons became more responsive to the trained direction even when they were located in regions of the cortex with an initial neighborhood bias for the direction opposite the training stimulus. Together, these results suggest an adaptive developmental strategy for the elaboration of direction-selective responses, one in which experience-independent mechanisms provide a symmetry-breaking seed for the instructive effects of visual experience.
Introduction
The role of experience in the maturation of the response properties of neurons in visual cortex has been the subject of intense investigation since the original description of orientation-and direction-selective responses in visual cortex (Hubel and Wiesel, 1959) . It is generally agreed that the basic properties that characterize mature cortical circuits are evident at the onset of visual experience (Hubel and Wiesel, 1963) ; but the number of neurons displaying these features and their response selectivity is far less than that found after several weeks of experience (Blakemore and Van Sluyters, 1975; Frégnac and Imbert, 1984) . While proper maturation of cortical function depends on visual experience, the exact contribution of experience-dependent and -independent mechanisms to circuit construction remains unclear.
The robust columnar representation of direction-selective responses in ferret visual cortex provides a unique model system in which to assess the contribution of experience-dependent and -independent mechanisms to cortical development. At eye opening, direction selectivity is poorly developed. Direction selectivity and its columnar structure reach mature levels over several weeks via a process that requires visual experience (Li et al., 2006) . In visually naive animals, these changes can be induced in hours through repeated presentation of bidirectional drifting stimuli. Using two-photon imaging, individual cortical neurons were found to exhibit significant increases in direction selectivity. Moreover, the direction preference that a neuron acquired could be predicted by small but significant direction biases that were present in neighboring neurons at the onset of training (Li et al., 2008) .
While these observations imply a strong impact of visual experience on the development of direction selectivity, fundamental questions remain. First, is the initial neighborhood bias that lays the foundation for the map of direction preference derived independent of visual experience? Second, how do the initial neighborhood biases and the properties of visual stimulation interact to influence the direction preference that a neuron acquires? Is the initial bias an immutable "fate map" that dictates the direction preference that emerges with experience, or does the motion stimulus exert a significant influence over the direction preference that a neuron acquires?
We first imaged the visual cortex of animals dark-reared until eye opening and found a reduced but significant neighborhood bias in direction preference, consistent with the idea that the initial seed for the direction map arises without visual experience. Second, we challenged the capacity of the initial neighborhood bias to predict a neuron's direction preference by limiting the motion training to a single direction. Neurons became more selective to the trained direction, even when they were located in regions of the cortex with an initial neighborhood bias for the direction opposite the training stimulus. Moreover, unidirectional training was found to shift neighborhood biases toward the direction of the training stimulus in regions where the initial neighborhood bias would have been strengthened by bidirectional training. Together, these findings suggest an adaptive developmental strategy for the construction of the map of direction preference; one in which experience-independent mechanisms serve as a catalyst for the instructive effects of visual experience.
Materials and Methods
All experimental procedures were approved by the Institutional Animal Care and Use Committee at Duke University Medical Center. Lightreared (that is, typically reared) ferrets were reared in a 12 h light/dark cycle environment, whereas dark-reared ferrets were raised in complete darkness starting at age postnatal day 14 (P14)-P17 until the time of the experiment as described by Li et al. (2006) . To verify that the enclosure of the dark-reared animals remained dark at all times, a roll of unexposed photographic film was kept in enclosure, and a new frame was exposed to the environment each day. At the conclusion of dark rearing, the film was developed and verified to be "blank."
Ferrets of both sexes were prepared for two-photon calcium imaging (Stosiek et al., 2003; Ohki et al., 2005) as described in detail by Li et al. (2008) . Briefly, ferrets were anesthetized with ketamine (50 mg/kg) and isoflurane (2% for surgery, 0.8 -1% during imaging). Oregon Green 488 BAPTA-1 acetoxymethyl ester (Invitrogen) was pressure injected into cortex, and changes in calcium fluorescence were monitored with an Ultima IV two-photon microscope (Prairie Technologies) driven by a mode-locked Chameleon laser (810 nm, Coherent Inc.).
Cells were identified manually by the experimenter through visual inspection. This identification process was performed blind to knowledge of physiological responses. Circular regions of interests 12 pixels (5.5 m) in diameter were manually drawn in the centers of cell somas. These regions of interests were smaller than the cells to reduce possible intrusion of the neuropil signal into somatic responses. As in our previous study, image sequences taken at different times were aligned with correlation (Li et al., 2008) . Each cell was examined to ensure it was still clearly present in the second recording, and small manual corrections were made as necessary. The quality of the identification and alignment was checked offline by a second investigator, and corrections were made if necessary by removing objects that could not be unambiguously identified as cells by both investigators or by adding any cells that were missed. Cells that appeared to be astrocytes on the basis of characteristic morphology were excluded.
The training protocol consisted of a 5 s drifting grating stimulation followed by a 10 s interstimulus interval. The protocol continued for 20 min and was followed by 10 min of no stimulation. This entire procedure was repeated for several hours. Visual stimulation and analysis were performed using custom software for Matlab (The MathWorks) and the Psychophysics Toolbox (Brainard, 1997; Pelli, 1997) . Analysis. The response to each stimulus was calculated as ⌬F/F ϭ (F STIM Ϫ F 0 )/F 0 , where F STIM is the average response during each frame when the stimulus was on, and F 0 is the average response during the final 3 s of the interstimulus period before stimulus onset.
Cells were considered to be significantly visually responsive if an ANOVA test indicated that the mean responses to all stimulation conditions (including blank) were statistically different. Cells with significant orientation responses were identified by plotting each trial's response as a point in orientation space: ⌺ S͑ i ͒e 2ii 180 Њ , where S( i ) is raw ⌬F/F at direction i . Cells were considered to exhibit significant orientation selectivity if the mean of the points was different from (0, 0) by Hotelling's t 2 test with p Ͻ 0.05. To examine orientation responses for all neurons, including those that did not exhibit significant orientation responses, we computed the circular variance (CV) (Ringach et al., 2002) :
The circular variance varies between 0 (the total response is at 1 orientation) and 1 (the response is indifferent to orientation), and has the quality that it is a relatively reliable (low noise) index for both very selective and poorly selective cells. Here, we report 1 Ϫ CV so that values near 1 are highly orientation selective, while values near 0 are unselective.
Responses to cells that exhibited significant orientation selectivity (Hotelling's test) were fit with a two-peak Gaussian function (Carandini and Ferster, 2000) :
where R OFFSET is a constant offset, PREF is the preferred direction angle, R PREF is the above-offset response to the preferred direction, R OPP is the above-offset response to the opposite direction, ͌ log 4 is the tuning width (half-width at half-height), and ang(x) ϭ min(|x|,|xϪ360|,|xϩ360|) wraps angular difference values onto the interval 0°to 180°.
Direction index values were calculated as
where PREFERRED ϭ R( PREF ) and OPPOSITE ϭ R( PREF ϩ 180). This direction index (DI) varies from 0 (no direction selectivity) to 1 (no positive response to the opposite direction). The minimum function restricts DI to be between 0 and 1 in some cells where the OPPOSITE response was below BLANK. To compare the magnitude of direction selectivity for each neuron relative to the trained direction in unidirectional training experiments, we used the direction ratio (DR) measurement, which we calculated as
The direction index and direction ratio above are based on mean responses and do not consider variation across trials. To statistically examine the direction preference for each tuning curve, we used the bootstrap algorithm (Press et al., 1992) and simulated 100 recordings of 12 trials by drawing from the actual recorded trials randomly with replacement. We then calculated direction angle preferences and direction index values for these 100 simulated recordings, and used these 100 simulations to derive measures of direction preference uncertainty and local coherence. We defined the direction preference uncertainty index for each cell as the percentage of these 100 bootstrap simulations that exhibited direction preferences that were 90°or more away from the dominant direction preference obtained in the 100 simulations. The dominant direction preference was determined by examining the mean orientation preference for all 100 simulations, and identifying which of the two opposite directions orthogonal to that orientation were preferred in most simulations (ties were broken by randomly choosing a direction). Thus, the uncertainty index varied from 0 (all 100 simulations agreed) to 50% (50 simulations exhibited a direction preference that differed by 90°or more from the dominant direction preference). The local coherence index, LCI(), for a cell was defined to be the percentage of nearby neurons that had a direction angle preference that matched a reference angle (within 45°) minus the percentage of nearby neurons that had the opposite direction angle preference (within 45°). Distance was measured in the horizontal plane: if multiple depths were recorded at the same point on the cortical surface, only horizontal distance between cells was considered. For each cell, we computed 100 values of the local coherence index by drawing the direction angle preference of every neighboring cell from the likelihood distribution estimated by the bootstrap procedure above. We took the median of these 100 values to be the local coherency index for each cell. We used this Monte Carlo approach because we felt it provided a better estimate of the true local coherence index rather than simply using the raw data. These simulations take into account the biological and measurement uncertainty of each cell's direction angle preference.
Results
Impact of early experience on the emergence of map structure In our previous two-photon imaging study (Li et al., 2008) , we found evidence for a weak but significant neighborhood bias in direction preference that was present at the onset of motion or flash training. Some animals in our study had not yet opened their eyes, but a majority of animals were examined 1-2 d after natural eye opening. Therefore, it is unclear whether visual experience, either through the closed lids before eye opening (Krug et al., 2001; Akerman et al., 2002) , or after eye opening, contributed to the weak direction selectivity and the neighborhood bias that we observed.
To examine the contribution of visual experience to directionselective responses before training, we compared the results from light-reared animals to animals that were raised in complete darkness from P14 to P17 until the time of the experiment, which occurred between P31 and P34. The light-reared animals consisted of 5 animals from our previous study (Li et al., 2008) as well as 6 animals from the unidirectional training portion of this paper. As in our previous study, we assessed orientation and direction selectivity with presentations of four separate orientations of sine wave gratings (spatial frequency 0.06 -0.08 cpd, temporal frequency 4 Hz) that drifted along an axis of motion orthogonal to the grating orientation in one of two opposite directions, totaling 8 different directions 45°apart (Fig. 1a,b) .
Layer 2/3 neurons in animals that had been dark-reared exhibited levels of orientation selectivity (as quantified by the orientation index and 1 Ϫ circular variance) and direction selectivity (direction index) that were slightly less than those of the naive light-reared group and far from that seen in light-reared animals with more than a week of visual experience (Fig. 1c) . We also quantified the certainty with which we could assign a preferred direction to these cells, using bootstrap analysis to account for variation in responses from trial to trial (see Materials and Methods). Layer 2/3 neurons in dark-reared animals exhibited slightly higher median direction preference uncertainty values than light-reared animals (23% dark-reared vs 15% light-reared, Kruskal-Wallis, p Ͻ 0.001), indicating that direction responses in dark-reared animals were modestly more variable than those in light-reared animals. Finally, dark-reared animals also exhibited a modestly lower percentage of visually responsive cells compared with light-reared animals (dark-reared: mean 39%, range 10 -98%; light-reared: mean 70%, range 37-94%, t test p Ͻ 0.017).
Despite the slight reductions of orientation and direction selectivity and visual responsiveness in dark-reared animals, summary schematics from individual animals ( Fig. 1d) indicate that weak local direction biases develop in the absence of visual experience. To quantify these local neighborhood biases we used a local coherence index that was evaluated with respect to each cell's direction preference, LCI( cell ). For a single cell, LCI( cell ) is defined to be the fraction of neighboring cells that match the reference cell's direction preference (within 45°) minus the fraction of neighboring cells that differ from the reference cell's direction preference (within 45°). Analysis of the spatial structure of the direction preferences in the dark-reared animals revealed a statistically significant neighborhood bias that varied with distance (Fig. 1e) . As shown previously (Li et al., 2008) , light-reared animals exhibit a significant average LCI( cell ) that falls off with distance (both ANOVA, p Ͻ 0.001), consistent with a coherent map structure; older light-reared animals exhibit a much stronger LCI( cell ) relationship with distance than younger light reared animals. The average LCI( cell ) value for dark-reared animals was weaker than the light-reared animals; nevertheless, this value varied significantly with distance (ANOVA p Ͻ 0.001). Thus, the weak neighborhood biases in the spatial arrangement of direction preference that are present at the onset of motion training emerge without the need for visual experience.
Previously, we demonstrated that the neighborhood bias at the onset of motion training could be used to predict the direction preference that emerged from training with a bidirectional motion stimulus. This observation was taken as evidence that the weak neighborhood bias serves as a seed for the experience-dependent development of the direction map. To determine whether the neighborhood bias derived without visual experience could serve a similar role, we sought to examine the impact of direction training in the animals that had been dark-reared up to the onset of training.
We were surprised to find that 3-6 h of bidirectional or unidirectional training, a duration that was highly effective in lightreared animals, was ineffective in the dark-reared animals (Fig.  2) . Dark-reared animals did not exhibit training-induced increases in direction index values (Kruskal-Wallis test, p ϭ 0.2). This result, by itself, suggests that dark rearing before the time of eye opening either slows or prohibits the maturation of directionselective responses. Because the duration of these training experiments was limited by the lifetime of the calcium indicator, we were unable to test whether direction training effects would be evident with longer periods of training. However, we have shown previously that animals dark-reared until eye opening and then reared for several weeks under normal conditions do develop strong columnar maps of direction preference (Li et al., 2006) . Together, these results imply that dark rearing before the time of eye opening slows, but does not prohibit, the experiencedependent maturation of direction-selective responses.
Unidirectional training
Having established that the neighborhood bias emerges in the absence of visual experience, we next sought to understand how the neighborhood bias and the properties of the visual stimulus contribute to the direction preference that a neuron acquires. At one extreme, it is possible that the spatiotemporal properties of the visual stimulus are largely irrelevant to the direction preference that a neuron acquires: the neighborhood bias established before motion training may be the equivalent of a fate map, predetermining the outcome of motion training. At the other extreme, the spatiotemporal properties of the visual stimulus may play an instructive role in determining the direction preference that a neuron acquires: the direction preferences associated with early neighborhood biases may be provisional, and overwritten if they are not reinforced with corresponding motion stimuli.
To distinguish between these two alternatives, we examined the impact of unidirectional motion training on the emergence of direction preferences in typically reared ferrets that had Ͻ2 d of visual experience after natural eye opening (n ϭ 6; postnatal day 32-35). Before training, we observed strong orientation selectivity and weak direction selectivity that was slightly biased (Fig. 3a,b ) for 1 direction of motion, as in our previous study (Li et al., 2008) . In general, each imaging field contained more cells that were biased in 1 particular direction, which we termed the "majority direction," compared with the opposite direction, the "minority direction." We selected one of these directions for 3-6 h of unidirectional training (5 animals in the minority direction, 1 animal in the majority direction), followed by a reassessment of direction preferences.
We restricted our analysis to cells that were both significantly responsive and could be unambiguously identified before and after training (see Materials and Methods). Direction preferences and index values for neurons in 3 animals are shown graphically in Figure  3b . In all these cases, yellow arrows indicate cells whose direction preferences matched the direction that was used for training, and blue arrows indicate cells whose direction preferences matched the opposite direction. After training, many cells appear to have been recruited to prefer the trained direction; that is, there are more yellow cells on the right panels of Figure 3b than on the left panels.
To examine this effect quantitatively, we developed an index, called the "direction ratio" (DR), which was defined to be the response to the trained direction relative to sum of the responses to the trained and opposite directions (Fig. 3c) . After unidirectional training, there was a significant increase in the direction ratio (t test, p Ͻ 0.001), indicating that cells responded more strongly to the trained direction after training than before.
The increase in the distribution of DR after unidirectional training indicates that the median cell became more responsive to the trained direction, but it does not tell us whether all cells, or a subset of cells, exhibited this behavior. For example, it is possible that only the cells that initially exhibited biases for the trained direction become more strongly biased as a result of the training, while cells biased toward the opposite direction remain unchanged. To address this question, we plotted DR for individual cells before and after training (Fig. 3d) . Mean DR increased significantly for those cells that were initially biased for the trained direction (initial DR Ͼ 0.5) and for those cells that were biased against the trained direction (initial DR Ͻ 0.5), indicating that, on average, both groups increased their responses to the stimulated direction as a result of training (t test, p Ͻ 0.001 for both).
These results indicate that the spatiotemporal properties of the motion training stimulus have a significant impact on the direction selective responses that cortical neurons acquire. But they do not allow us to assess the degree to which these training effects are constrained by the neighborhood biases that exist at the onset of training. Individual cells biased for and against the trained direction are found throughout the initial weak direction map, both in regions where the majority of the neighboring cells are biased for the trained direction, and in regions where the majority are biased against the trained direction. In principle, increases in DR could be restricted to regions where the majority of the neighboring cells were already biased for the training direction at the onset of training. Alternatively, the effects of the training stimulus may be strong enough to impact the selectivity of neurons in regions that exhibit neighborhood biases for the direction opposite the training stimulus.
To determine whether the influence of the training stimulus was limited to regions of cortex that exhibited an initial neighborhood bias consistent with the training stimulus, we examined the change in direction ratio induced by training as a function of each cell's initial local coherence index LCI( train ) (Fig. 3e) . Cells on the right side of the graph were initially surrounded by cells that exhibited biases for the trained direction (positive LCI( train ) values), while cells on the left side of the graph were initially surrounded by cells that exhibited biases for the opposite direction (negative LCI( train ) values). On average, DR increased for both positive and negative values of LCI( train ) (both F tests of regression slope, p Ͻ 0.001) indicating that the direction of the motion training stimulus can influence the direction selectivity of cortical neurons even in regions that start with a neighborhood bias for the direction opposite the training stimulus. Moreover, Figure 3e shows that the effectiveness of the motion training stimulus in altering the DR of cortical neurons varied as a function of the initial neighborhood bias. A regression line fit to the data shows that the greatest changes in DR were found in cortical regions that exhibited the strongest initial neighborhood bias toward the training stimulus, and the weakest effects were found in the regions that exhibited the strongest initial bias toward the direction opposite the training stimulus.
These results suggest that both the initial neighborhood bias and the direction of the training stimulus play instructive roles in determining the direction preference that neurons acquire. But is experience with a single direction of motion capable of eroding an initial neighborhood bias for the direction opposite the training stimulus and replacing it with a neighborhood bias that matches the training stimulus?
To address this question, we calculated the change in local coherence with respect to the prevailing majority direction (that is, the direction to which the imaging field as a whole was initially biased), for the 5 of 6 animals that were stimulated with the minority direction. Training with a unidirectional motion stimulus resulted in changes in local coherence values that were, on average, negative ( Fig. 4c ; sign test, p Ͻ 0.001), indicating that the neighborhood biases were moving away from the initial values and toward the direction specified by the training stimulus. This result is in contrast to results obtained with bidirectional training in our previous study (Li et al., 2008) . Training with a bidirectional motion stimulus resulted in changes in local coherence values that were positive, indicating that, on average, initial neighborhood biases were strengthened as a result of the training ( Fig. 4d ; sign test, p Ͻ 0.001). Thus, at least in cortical areas with a modest initial bias, experience with a single direction of motion for 3-6 h appears to be sufficient to override the initial neighborhood bias and increase the number of neighboring neurons that prefer the direction of the training stimulus.
Discussion
These results show that experience-independent mechanisms have the capacity to build weak direction-selective responses and the neighborhood biases that predict the future structure of direction columns in ferret visual cortex. But the impact of these experience-independent mechanisms in determining the direction preference that a neuron will acquire is limited. A small amount of experience with a single direction of motion is sufficient to induce a selective increase in the response of cortical neurons to the direction of the training stimulus, regardless of their initial direction bias. Moreover, single direction training can override weak neighborhood biases for the direction opposite the training stimulus, suggesting that columnar identity is not fixed by events that precede eye opening.
An experience-independent seed
The fact that weak directional biases emerge in cortical neurons without the need for visual experience, and that these biases are shared by nearby neurons is consistent with a number of studies showing that there are orientation-and direction-selective re- Figure 2 . Motion training was ineffective in dark-reared animals. a, Imaging fields of direction selectivity before and after bidirectional or unidirectional motion training for dark-reared animals. b, c, Cumulative density histograms of direction index values before and after training for dark-reared animals (b) and light-reared animals (c). Differences in DI were not significant for dark-reared animals (Kruskal-Wallis, p ϭ 0.2), but were significant for light-reared animals (Kruskal-Wallis, p Ͻ 0.001).
sponses at the onset of visual experience (Hubel and Wiesel, 1963; Blakemore and Van Sluyters, 1975; Daw and Wyatt, 1976; Frégnac and Imbert, 1978; Krug et al., 2001 ), but the number of neurons displaying these features and the selectivity of the responses are far less than that found following several weeks of visual experience. The degree of direction selectivity, and the strength of the neighborhood relations are far less in dark-reared animals compared with animals that were normally reared. Given the rapid impact of visual experience on the maturation of direction selectivity, it is likely that this difference reflects the absence of some facilitating effect of light through closed (Krug et light at this early stage serves a permissive role (perhaps by altering levels of activity or gene expression) or an instructive role (providing spatiotemporal cues relevant for motion direction) remains unclear. Nevertheless, both the property of direction selectivity and the seed for its arrangement in a columnar fashion have their origin in developmental processes that do not require visual experience.
The mechanisms that are responsible for guiding the experienceindependent emergence of direction selectivity in cortical circuits remain to be determined. Endogenous patterns of neuronal activity that impinge on, or originate in, cortical circuits could share some of the instructive properties of visually driven activity. Activity patterns that have the characteristics of waves (Huberman et al., 2008) could serve an instructive role in building weak directional biases, as has been suggested in computational models with spike timing-dependent plasticity (STDP) (Wenisch et al., 2005) .
Alternatively, the weak direction selectivity that is apparent without visual experience could arise in retina and be relayed to cortex via the lateral geniculate nucleus (LGN). Although cortical direction selectivity is generally regarded as an emergent property of cortical circuits, recent studies in mouse have shown that a class of direction-selective retinal ganglion cells (DSRGCs) sends its axons to the LGN in this species (Huberman et al., 2009) , and strongly direction-selective neurons have been described in rabbit and mouse LGN (Swadlow and Weyand, 1985; Kaye et al., 2011) . Moreover, direction-selective responses in retinal ganglion cells emerge without the need for visual experience (Daw and Wyatt, 1974; Chan and Chiao, 2008; Elstrott et al., 2008) . Whether there are comparable classes of DSRGCs in carnivores, and whether these neurons project to LGN, remain unclear. But even if DSRGCs project to LGN in ferret, the fact that cortical direction selectivity is so immature at the onset of experience, and fails to mature without visual experience suggests that DSRGCs cells can provide, at most, the initial seed upon which cortical circuits elaborate direction selectivity under the influence of visual experience. In mouse visual cortex, however, directionselective responses are present at eye opening, and are unaffected . Single direction training alters the local neighborhood bias so that it becomes more biased for the stimulated direction. a, Imaging field before and after unidirectional training; yellow color indicates training direction, while blue indicates opposite direction; for 5 of 6 animals, the yellow corresponds to the minority direction, while blue corresponds to majority direction. b, Imaging field before and after bidirectional training; yellow indicates the field's minority direction, blue indicates the field's majority direction. c, d, Changes in local coherence with respect to the majority direction with unidirectional training (c) bidirectional training (d). Thick lines are sliding means. In c, only the 5 animals that were trained with the minority direction are plotted. In unidirectional training, the local neighborhood of most cells shifted away from the bias present at the onset of training and toward the direction that was used for training (sign test, p Ͻ 0.001). By contrast, in bidirectional training, the local neighborhood of most cells shifted toward the bias that was present at the onset of training (sign test, p Ͻ 0.001).
by dark rearing, leaving open the possibility of a more significant contribution of DSRGCs to cortical direction selectivity in this species (Rochefort et al., 2011) .
Although we have argued that the initial neighborhood biases that are present at eye opening (and survive dark rearing) are the initial seed for the emergence of mature direction-selective responses, we were unable to show that the spatial pattern of direction selectivity in dark-reared animals could predict the effects induced by motion training. The failure to see training effects is likely due to a difference in the amount of time required to reach detectable changes in direction selectivity in dark-reared animals, since animals dark-reared until eye opening go on to acquire mature levels of direction selectivity if they are exposed to lightrearing conditions in the next 2 weeks of development (Li et al., 2006) . The levels of local coherence at the start of motion training were significantly lower in the dark-reared animals than in the light-reared animals, and this difference alone might impact the time it takes for training effects to reach detectable levels. A more intriguing possibility is that dark rearing could have substantial effects on the maturation of the circuit elements that are critical for activity-dependent plasticity. Similar effects of dark rearing have been described for ocular dominance plasticity (Cynader and Mitchell, 1980; Mower et al., 1981; Morales et al., 2002; Pizzorusso et al., 2002; Maffei, 2008; Sugiyama et al., 2008) .
Unidirectional training
The results of the unidirectional training experiments described here are consistent with previous experiments in tadpole tectum (Engert et al., 2002) and cat visual cortex (Daw and Wyatt, 1976) . The vast majority of neurons recorded from the cat following unidirectional rearing responded preferentially to the experienced direction of motion. These experiments were conducted over a greater length of time (several weeks) and were initiated after direction-selective responses had benefited from early visual experience. Importantly, these experiments could not distinguish whether the effects were due to the loss of responses from neurons that originally responded preferentially to the direction opposite the experienced direction (selection) or a shift in the direction preference of neurons so that they now responded preferentially to the training stimulus (instruction). Indeed, what has limited all previous efforts to understand how the immature response properties present at the onset of experience are guided to maturity by visual experience is the inability to track the properties of individual neurons before and after training. The present results provide compelling evidence that short periods of unidirectional training early in development selectively increase the response of neurons to the training stimulus. Moreover, the effects of motion training are qualitatively similar for the neurons that initially preferred the training direction as well as those that initially preferred the opposite direction, indicating that exposure to a single motion training stimulus is capable of shifting the direction preference of cortical neurons toward the direction of the training stimulus.
While increased selectivity for the training stimulus was found for cells that initially preferred the training stimulus and those that preferred the opposite direction, the impact of single direction training was correlated with the strength and sign of the cell's initial neighborhood bias. Furthermore, the strongest effects were found in regions where neighboring neurons preferred the training direction, and the weakest effects were found in regions where neighboring neurons preferred the direction opposite the training stimulus. Neurons that reside in neighborhoods that are rich in neurons that respond preferentially to the training stimulus may have more correlated spike trains, and large numbers of stimulus driven spikes could tend to reinforce the preference for the training direction of motion. Conversely, neurons in neighborhoods that strongly prefer the opposite direction will have weaker responses to the training stimulus and may have fewer opportunities for correlated activity that would promote synaptic strengthening.
While the initial neighborhood bias appears to influence the impact that unidirectional training has on direction selectivity, unidirectional training also impacts neighborhood bias. With bidirectional training, the initial neighborhood bias is most likely to prevail; but with unidirectional training, neighborhoods that are weakly biased against the training stimulus shift toward the direction of the training stimulus. Thus, with a few hours of experience, asymmetrical training is capable of overriding the initial neighborhood bias leading to an expansion in the representation of the training stimulus. What remains unclear is whether more of cortex would be dominated by neurons that prefer the trained direction, if training were continued for a longer period of time. Other studies that have examined the impact of rearing animals with lid suture or with exposure to a single orientation have documented the increase in area or number of cells that respond preferentially to the "experienced" condition; but they also show that even long periods of deprivation do not erase the representation of the deprived stimulus (Blakemore and Van Sluyters, 1975; Daw and Wyatt, 1976; Frégnac and Imbert, 1978; Mrsic-Flogel et al., 2007) . This may depend on the maturational state of cortical circuits at the onset of deprivation, and/or the tuning bandwidth of the "deprived" neurons (i.e., the degree to which they are responsive to the rearing stimulus). Further studies using genetically encoded calcium sensors will be necessary to establish the full potential of visually driven activity to determine direction preferences of cortical neurons.
